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Crack closure due to external bending forces or residual stresses is 
an important concern in any nondestructive examination. It is particularly 
important in ultrasonic examination since this technique depends on the 
change in acoustic impedance at the crack interface to produce the re-
flected wave. If the two surfaces come into intimate contact somewhere 
along the crack due to closure effects, partial transmission can occur [1]. 
This partial transmission reduces the reflected signal and so underesti-
mates the flaw depth when sizing is based on the reflected signal ampli-
tude. 
This problem has been discussed in some detail for fatigue cracks. 
These thin cracks have uneven surfaces due to the nature of crack growth 
and occasional interaction with the microstructure of the material. During 
crack closure, the surfaces contact at the resultant small, closely spaced 
asperities. Transmission models for such cases assume a contact spacing 
less than the ultrasonic wavelength [2,3]. Analyses based on such models 
have been able to predict many of the characteristic responses of experi-
mental studies [4-6] and may be applicable to other types of cracks 
with uneven surfaces that occur during the fabrication and service life of 
a structure. These other types include hot cracks, temper cracks, and 
stress-corrosion cracks. 
Another category of planar flaw that can be subject to crack closure 
is the welding defect that occurs due to improper fusion of the weld with 
the weld joint surfaces. Perhaps the simplest of these is the inadequate-
joint-penetration flaw that occurs when the root of a weld joint (contain-
ing two vertical and abutting surfaces of the base metal) is not fused. 
This type of flaw can have very smooth parallel surfaces and result in a 
contact area greater in size than the wavelength of the ultrasound. Such a 
joint, with its potential for easier interpretation, was chosen fc~ this 
study. 
*Contribution of the National Bureau of Standards: not subject to copyright 
in the United States. 
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EXPERIMENT 
The details of our specimen are in Fig. 1. The two plates joined 
together were 16-mm thick A516 steel, approximately 30 x 60 em. The 30-cm 
edges were machined as shown and then joined by a shallow (about 6-mm 
deep), single-pass weld along the top (region A). This served as a hinge 
during loading in three-point bending. The mid-part of the thickness 
(region B) is a 7-mm deep groove to prevent contact between the plates in 
this region. The bottom 3 mm (region C) served as the contact area bearing 
the variable compressive load. The compression on this contact surface was 
the result of a leverage force applied to one end of the specimen and a 
fulcrum near the joint (Fig. 2). The large center gap and the narrow con-
tact region at the bottom of the specimen were chosen to simplify the 
interpretation of the data. Bending caused a compressive force that was 
nearly constant over this 3-mm deep region. The center gap eliminated 
ultrasonic interactions in the region near the hinge where the variations 
in compressive force (as a function of distance from the hinge) were sig-
nificant. The machined surfaces simulated weld joint preparation but, more 
importantly, were very smooth compared with the fatigue surfaces of previ-
ous studies. The resultant specimen had a region,3 mm by the width of the 
plate in area, over which the uniform compressive load could be varied. 
All the transducers were aligned colinearly so that the same contact area 
was being interrogated by both types. We did not measure the compressive 
load itself, only the deflection of the movable end. Since the same signal 
amplitude returned on unloading the specimen, we apparently never exceeded 
the elastic limit of the steel. 
The piezoelectric transducer was a commercial PZT unit with a resonant 
frequency of 5 MHz and a diameter of 12.7 mm. Mounted on a plastic wedge 
and coupled to the specimen with petroleum jelly, it produced SV waves by 
mode conversion at about 45° from normal. The center of its beam inter-
sected the contact area of the joint. It operated in the pulse-echo mode 
here. 
The EMATs contained 16 pairs of periodic permanent magnets operated at 
454 kHz, and generated SH plate waves [7]. The transmitter and forward-
scatter receiver were both 85 mm from the joint and the back-scatter 
receiver was 100 mm behind the transmitter. 
At each increment of deflection (compressive load), we recorded the 
amplitudes of the PZT and two receiver EMAT transducers. By watching the 
signals on an oscilloscope, we estimated the amplitude repeatability to be 
in the range of 5-10%. To compare these three signals, we computed their 
fractional change from the unloaded (other than specimen weight) state. 
There were four sets of measurements at different locations across the 
30-cm width of the specimen. 
RESULTS AND DISCUSSION 
Figures 3 and 4 show the effect of compressive load on the back-
scattered (reflected) signal seen by the two transducers. As expected, the 
signals decrease as the contact pressure increases. Moreover, this effect 
appears to reach a saturation point at about the same load in all cases. 
There is a major difference in these two sets of data, however. The degree 
of PZT signal change is dependent on exact location whereas the EMAT signal 
varies much less with position. In fact, the sites of largest PZT de-
creases show the least EMAT effects. 
The EMAT transmission signal in Fig. 5 shows moderate increases in 
signal strength and also tends to saturate at higher loads. 
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Fig. 1 
Fig. 2 
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Cross section showing joint details of specimen. A is the weld 
that acts as a hinge. B is a machined, noncontacting groove. 
C is the simulated flaw face across which the compressive load is 
applied by the bending moment. The A516 steel plates were 
16 mm thick. 
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Specimen cross section. One end of the plate was fixed and a 
bending moment was generated about the fulcrum, S, by applying 
downward pressure on the opposite end. The PZT transducer and 
wedge directed an ultrasonic beam at the flat contact area at the 
bottom of the joint. A transmitter EMAT generated plate waves 
while a back-scatter receiver detected the signal returned from 
the joint and a forward-scatter receiver measured what passed 
through the joint. 
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Fig. 3 
Fig. 4 
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Change in amplitude of the EMAT transmitted (forward-scattered) 
signal with compressive load. 
The plot in Fig. 6 of EMAT back-scatter change versus PZT change at 
the same location and load indicates that the data fall into two distinct 
categories. The solid symbols fall along a nearly 45° line showing that 
these two measurements change by a similar degree at these two locations. 
On the other hand, the open symbols show practically no EMAT change while 
the PZT signal drops dramatically for the other two sites. 
A possible explanation for these two distinct responses may lie in the 
difference in wavelengths from the two transducers (approximately 7 mm from 
the EMAT and 0.6 mm from the PZT) and possible changes in the contact 
surfaces at the different locations. In Fig. 7, the matching surfaces in A 
are aligned for a distance many times greater than the long (EMAT) wave-
length. The effect of contact pressure would be the same for both signals 
in this case. In Fig. 7B, the contact is more in the nature of a point or 
asperity. The transmission window formed here varies with the load as the 
surfaces deform (elastically or plastically) and generate more contact 
area. For this case, if the length of contact is about the same as the 
short wavelength, this signal can pass the discontinuity (decreased 
reflection). As the contact size increases, an increasing amount of energy 
is transmitted. Since the window is smaller than the long wavelength, 
however, it continues to see a less penetrable barrier .and the reflection 
stays approximately the same. In this scenario, planar flaws (where the 
face contact is a small point rather than a large surface) generate much 
the same reflections over a wide range of closure when the wavelength is 
comparatively long. For the data of Fig. 6, the closed symbols are 
probably due to a surface such as Fig. 7A while the open symbols result 
from something like Fig. 7B. 
In our work to size weld flaws by using EMATs [8,9], a useful parame-
ter is the ratio of the amplitudes of the back-scattered and transmitted 
signals. This value does decrease with load, but it also reaches a satura-
tion level (Fig. 8). This indicates that the maximum error that might be 
expected from crack closure is in the range of 25%. 
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Fig. 6 Comparison between the back-scattered PZT and EMAT signal at each 
increment of the loading process. 
CONCLUSIONS 
1. We developed a technique to distribute uniform crack closure forces 
over an area that was large in relation to the ultrasonic wavelength 
of the PZT transducer. 
2. Crack closure due to stress reduces t he reflections of both short 
and long wavelength signals. 
3. These pressure effects fall into two categories. This may be due to 
the size of the contact surfaces relative to the wavelength. 
4. The signal changes saturate at a specific load. 
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Fig. 7 
Fig. 8 
A 8 
Possible configuration of contact surfaces to explain the two 
categories of data in Fig. 6. 
A: Contact over a length of several times the longer wavelength. 
B: Contact over a length greater than the shorter wavelength but 
less than the longer wavelength. 
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